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Abstract—A single-contact voltage sensor designed for accurate
measurements of ac voltages across a pair of conductors is
described. The sensor design is motivated by remote monitor-
ing applications where accurate voltage measurement of high-
voltage transmission lines is required. The body of the sensor
is electrically and mechanically attached to a single conductor:
either the neutral or high-voltage conductor. A capacitive sensing
plate attached to the sensor creates a capacitive voltage divider
using the stray capacitance to the non-contacted line. A very
high-impedance buffer is used to measure the voltage across the
divider output and estimate the line voltage. An important part
of the work includes a method of calibrating the sensor such
that blind voltage measurements can be made without knowing
the exact geometry of the conductors. Other important aspects
of the design include a two-stage voltage divider for retaining
accuracy and increasing the voltage range of the sensor. The
work is supported by extensive numerical simulation models
which were used to determine the optimum design for the sensing
plate and to evaluate the sensitivity to different configurations
including conductor spacing and the height above ground. For
calibration values which are accurate to 1%, the line voltage can
be measured with an accuracy of 10%. The paper describes the
theory, design, and experimental verification of the sensor up to
a line voltage of 7.5 kVrms.
Index Terms—voltage measurement, capacitive sensor, high-
impedance measurements, high-voltage transmission lines
I. INTRODUCTION
AS smart grid technology evolves, utility companies con-tinue to improve the monitoring capabilities in the grid
to optimize the delivery of power to network loads. Sensors to
measure voltage and power factor provide real-time feedback
to a central monitoring station where dynamic changes to
voltage and reactive power compensators can be made to
reduce loss. Wireless monitoring of end user loads using smart
meter technology is now common, and substation monitoring
has always been available. However, real-time monitoring
on distribution lines between substations and loads is not
common. The distribution grid is extensive and distribution
line monitoring requires a cost-effect sensor network strategy.
Desirable features of a sensor unit include easy installation
and a wireless link to back haul the remote measurement data
to a central office.
The research work in this paper is motivated by the chal-
lenge of making accurate voltage measurements at intermedi-
ate points in the distribution grid. Power factor measurements
require accurate phase measurements between voltage and
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current; however, the measurement can be made without
knowing the exact magnitude of the voltage. Since voltage
control [1], [2] in the grid is becoming increasingly important
to reduce energy loss in the distribution of electricity, accurate
measurements of the potential difference between conductors
is required.
A key constraint in the work is to design a sensor that
is easily deployable. The voltage sensor is designed to be
integrated into a measurement unit that is clipped to a single
wire with no contact to any other wires. Current measurements
are easily made using a Rogowski coil that can be integrated
into a clamp which attaches the sensor unit to the wire. On
the other hand, an accurate voltage measurement from contact
with a single wire is much more difficult. In this work, our
goal was to design a voltage sensor capable of accurately
determining the absolute potential difference between a pair
of conductors while contacting only one of the conductors [3].
A review of the literature does not yield too many papers
which investigate accurate single-contact voltage measure-
ments for high-voltage transmission applications. In a Master’s
thesis by van der Merwe [4], he presents a study and experi-
ments for measuring the line potential in a three-phase system
using capacitive coupling concepts. In his work, calibration
of unknown capacitances is found from either numerical
simulations for a specific wire geometry or experimentally by
applying known potential differences between conductors to
determine the value of the capacitance matrix. In our work,
we seek to find in situ calibration methods where unknown
capacitances must be estimated without exact knowledge of
the wire geometry or without the need to apply test potentials
between the wires. The constraints arise from the practical
deployment of voltage sensing technology in a smart grid
where installation must occur directly on live systems with
arbitrary wire configurations.
Another three-phase voltage sensor configuration is de-
scribed in Ref. [5]. The authors call the sensor a static
induction type of voltage sensor and it consists of two plates
near the conductor. In one design, the plates are arranged as a
coaxial capacitor structure completely enclosing the conductor
and in another design a semicircular conductor and a flat
plate are used. The paper focuses on the evaluation of the
phase errors detected by three sensors and the results assume
the geometry and dielectric structure between the sensor and
conductor are known.
In other work [6], a non-contact voltage sensor employing
two capacitive sensing plates is described. The sensor is tested
on an isolated conductor and requires a known reference
voltage to be applied to the system to calibrate and find
coefficients for a fitting function. A series of measurements
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with different displacements from the conductor are also made
to estimate the potential of the conductor. In the design which
we report on, neither calibration voltages nor changes in
displacement are used for calibration.
Other work related to the measurement of potential using
electric field sensors includes biomedical applications [7] and
inspection of active current-carrying conductors in integrated
circuits [8]. In these applications, the electric fields are very
small and a significant challenge is amplifying and detecting
small changes in potential difference. These methods focus
on detecting relative changes in potential whereas our work
focuses on methods to measure absolute potential differences
without direct contact to both conductors.
In our design the principle concept is to construct a cali-
brated capacitive divider from which accurate measurements
of voltage can be made. The divider consists of a controlled
and known capacitance between the contacted line and a
sensing plate and a second unknown stray capacitance from
the sensing plate to the non-contacted line. Challenges in
this design include developing calibration methods to estimate
the unknown stray capacitance to the non-contacted line and
optimizing the physical design of the sensor to maximize
sensitivity. An experimental prototype has been constructed
and evaluated in a high-voltage test bed. The results are
encouraging and, assuming a calibration accuracy of 1%,
absolute voltage measurements with an accuracy of ± 10%
were made.
The remainder of the paper is organized as follows. Sec-
tion II presents the voltage sensor design and the basic
circuit model that is ultimately used to extract the potential
difference between a pair of conductors from a single-contact
measurement. In section III, the equivalent circuit model is
analyzed and we identify two design criteria that must be
satisfied in order to make reliable voltage measurements. The
prototype sensor that was built and experimentally tested is
discussed in section IV. Section V presents the key experi-
mental results and section VI describes a simple modification
of the design that makes the voltage sensor suitable for high-
voltage applications without compromising its performance.
Finally, the main conclusions are summarized in section VII.
II. CONCEPT & MODEL
This work is restricted to single-phase applications in which
a pair of conductors, one neutral and one live, are suspended
above earth ground. It is assumed that there is a good electrical
connection between the neutral conductor and ground. Figure 1
shows two transmission line geometries that commonly exist in
residential areas. In both of these cases the single-phase sensor
described in this paper could be used to actively monitor the
absolute electric potential difference between the neutral and
the high-voltage lines. In Fig. 1(a), a high-voltage conductor
is suspended above a neutral conductor. In Fig. 1(b), a center-
tapped transformer steps down the potential of the topmost
high-voltage line and supplies a neutral conductor and two
120 Vrms split-phase (antiphase) conductors below. In the
second case, a voltage sensor suspended from the high-voltage
conductor will operate effectively as a single-phase sensor
neutral
high voltage
neutral
tv/telephone 
cables
high voltage
120 V
split phase(a) (b)
tv/telephone 
cables
Fig. 1. Two transmission line geometries that can be effectively monitored
by the single-contact voltage sensor. (a) A high-voltage conductor suspended
above a neutral conductor. (b) A high-voltage conductor suspended above a
neutral conductor and two low-voltage split-phase conductors.
Single point contact to
the conductor. The po-
tential provides a ref-
erence for the shield
and is connected to one
side of the capacitive
bridge.
C1 C2 Cn
S1 S2 Sn
C ′0
Conductor 1 Conductor 2
Vm
Earth ground
C ′p2
C ′p
C ′p1 C ′p3
Fig. 2. Schematic diagram of the single-contact voltage sensor. A capacitive
sensor plate passes through the main body of the sensor without making
electrical contact to it. The sensor body provides electromagnetic shielding
and houses a tunable capacitor bank, a high-impedance buffer, and voltmeter
(not shown).
because, at the location of the high-voltage conductor, the net
electric field due to the split-phase signals will almost exactly
cancel. In addition, the magnitude of the electric fields due to
the 120 Vrms lines will be small compared to that of the high-
voltage line which typically operates between 6 and 7 kVrms.
A schematic diagram highlighting the fundamental design
aspects of the single-point contact voltage sensor is shown
in Fig. 2. A capacitive sensor plate passes through, but is
electrically isolated from, the main body of the sensor. The
main body of the sensor is electrically and mechanically
attached to conductor 2 which can be either the neutral or
the live conductor. The body of the sensor, shown as the
thick purple outline in the figure, is electrically conducting and
provides electromagnetic shielding for the detection circuitry
inside the enclosure. The shielding is crucial and ensures
that the total capacitance between the sensor plate and the
body is controlled and predictable. The total (net) capacitance
between the sensor and body is called C0. A second effective
capacitance called Cp is the net capacitance between the
sensor plate and the non-contacted conductor, conductor 1.
Together, C0 and Cp form a capacitive divider between the
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two conductors. As discussed in detail in the next section, the
sensitivity of the voltage sensor is determined by the ratio of
Cp over C0 and therefore significant consideration must be
given to controlling these capacitances in the sensor design.
There can be multiple contributions to the net capacitances
of Cp and C0 and the contributions depend whether conduc-
tor 2 is neutral or live. With reference to Fig. 2, consider
the case where conductor 2 is the neutral conductor. In this
case, C ′p3 is shorted by the neutral-earth connection, C
′
p2 is in
parallel with C ′0, and C
′
p1 is the capacitance between the two
conductors which has no effect on the voltage divider formed
by Cp and C0. Therefore, in this configuration, Cp = C ′p
and C0 = C ′0 + C
′
p2. On the other hand, if conductor 2 is
the live conductor, Cp = C ′p + C
′
p2 and C0 = C
′
0. In this
case, C ′p1 is short-circuited by the neutral-earth connection and
C ′p3 is the effective capacitance between the two conductors
which has no effect on the capacitive voltage divider. As
a result, the conductor that the sensor is suspended from
determines whether Cp or C0 is increased by an amount C ′p2.
Finally, housed inside the body of the sensor is a tunable
capacitor bank placed in parallel with C0. The voltage Vm
is measured across C0 in parallel with the net capacitance
of the capacitor bank. The voltage measurement is buffered
and then connected to an analog-to-digital (A/D) converter,
standard rms ac voltmeter, or oscilloscope. The buffer must
have very high input impedance and is essential to prevent
loading the capacitive divider network.
Outside of residential areas, three-phase transmission lines
are commonplace. This geometry is complicated by the fact
that, in addition to the capacitance to earth ground, one must
now consider the stray capacitances between the sensor and
the two conductors that it is not in contact with. Three-phase
applications will be a topic of future investigations.
III. VOLTAGE SENSOR ANALYSIS
The equivalent circuit model of the single-contact voltage
sensor is shown in Fig. 3. In general, the input impedance
of the op-amp must be taken into account when determining
the final voltage Vm measured at the op-amp output. With the
sensor attached to the neutral conductor, the voltage at the
op-amp output is given by:
Vm = VL
[
jωCp
R−1op + jω (C ′′0 + Cb + Cp)
]
(1)
= VL
[
ω2Cp (C
′′
0 + Cb + Cp) + jωCpR
−1
op
R−2op + ω2 (C ′′0 + Cb + Cp.)
2
]
(2)
In these equations, Cb = C1 + C2 + . . . is the net bank
capacitance and:
C ′′0 = C0 + Cop + Cs (3)
where C0 is the intrinsic capacitance between the sensor plate
and the housing (defined earlier in section II), Cop is the
effective input capacitance of the op-amp, and Cs is any
additional stray capacitance from the layout of the circuit
inside the enclosure. We note that if the sensor is suspended
from the live conductor, the expression for Vm given in
Eqs. (1) and (2) will change only by an overall negative sign.
AD549
conductor 1
conductor 2
capacitive 
sensor plate
(a)
(b)
Fig. 3. (a) Basic design of the single-contact voltage sensor. A metallic
sensor plate is used to create a capacitive divider between the two conductors
of interest. A switchable capacitor bank, shown in the dashed green rectangle,
is placed between the sensor plate and the near conductor. A high-impedance
buffer is placed between the sensor plate and the near conductor and its output
voltage Vm is measured. (b) The input impedance of the buffer is added in
parallel to C0 and the bank capacitance.
The frequency response of Vm is that of a high-pass filter
with a corner frequency of fc = [2piRop (C ′′0 + Cb + Cp)]
−1.
The op-amp used as a buffer is an Analog Devices AD549L
which has a nominal input resistance Rop of 1015 Ω in parallel
with a nominal input capacitance Cop of 0.8 pF [9]. Provided
that the voltage sensor is operated at frequencies much greater
than fc, Rop makes negligible contribution to Vm. Under these
conditions, Eqs. (1) and (2) simplify to:
Vm ≈ VL
(
Cp
C ′′0 + Cb + Cp
)
(4)
such that Vm and VL are in phase and their relative amplitudes
are determined by a ratio of capacitances. Section V will show
that, for typical values of C ′′0 , Cp, and Cb, fc is expected
to be less than 1 mHz. The high-frequency cut-off of the
voltage sensor is set by the gain-bandwidth product of the op-
amp which is 1 MHz. As a result, the voltage sensor is well
suited to transmission line applications where the fundamental
frequency (50 or 60 Hz) and harmonics fall well within the
bandwidth of the design.
Equation (4) also clearly shows that Vm/VL is greatest
when Cp is large and C ′′0 is small and this explains why the
voltage sensor sensitivity is enhanced when it is suspended
from the live conductor. Note that if one is only interested
in relative voltage measurements, then Cb can be set to any
arbitrary value and the precise values of C ′′0 and Cp need not
be known. Furthermore, this sensor will reliably reproduce
voltage waveforms and, if it is used in combination with a
Rogowski coil, the power factor of the transmission line can
be measured.
In practice, absolute values of VL are extracted from mea-
surements of Vm as a function of Cb and, although Eq. (4)
is very simple, there are important subtleties that must be
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Sensor plate Sensor body
Live conductor Neutral conductor
Fig. 4. Digital photograph of the voltage sensor anchored to the neutral
conductor of a short section of transmission line. The capacitive sensor plate
is suspended between the two conductors. The buffer circuit is contained
within the shielded sensor body.
considered in order to obtain reliable results. First, if VL,
Cp, and C ′′0 are all treated as unknowns, then the desired line
voltage VL cannot be uniquely determined from measurements
of Vm as a function of Cb. Any set of parameters {VL, Cp, C ′′0 }
that maintains the correct values of the product VLCp and
the sum C ′′0 + Cp will produce identical least-squares fits of
Eq. (4) to a set of Vm versus Cb measurements. To extract
absolute values of VL requires that either C ′′0 or Cp be known.
It is far easier to obtain reliable estimates of C ′′0 via a factory
calibration because its value will be larger than Cp and it will
be less dependent on the geometry of the conductors. (See
section V.)
The second crucial requirement for accurate voltage mea-
surements is that Cp must be large enough to contribute
significantly to the denominator of Eq. (4) for at least some
of the Cb values. If this condition is not satisfied, then
Vm ≈ VLCp/ (C ′′0 + Cb) and one is only able to determine
the product VLCp. Requiring C ′′0 to be on the same order
of Cp presents a major design challenge because, as will
be shown in section V, Cp can be 1 pF or less for typical
sensor plate/transmission line geometries. Therefore, it is
critical to design a capacitive sensor that maximizes the ratio
Cp/(C0+Cp) and to use a circuit layout that minimizes stray
capacitance contributions to C ′′0 .
IV. PROTOTYPE & CIRCUIT LAYOUT
Figure 4 shows a photograph of the prototype voltage sensor
that was constructed and experimentally tested. The main body
of the sensor is made of aluminum and anchored to the neutral
conductor of a short section of transmission line constructed
from half-inch diameter threaded steel rod mounted in a
wooden frame. A rigid conducting rod that passes through,
but is electrically isolated from the sensor body, supports the
copper capacitive sensor plate.
Several capacitive sensor designs were explored both exper-
imentally and via numerical simulations before settling on a
plate suspended from a thin rod. In the limit that the live
Bank      
capacitors      
Shield to       
buffer output      
AD549      
buffer      
Ground       
plane      
Neutral conductor       
(tied to ground)      
Live      
conductor      
Sensor       
plate      
      Sensor 
body      
62.5       
transformer      
Fig. 5. The left photograph shows the experimental apparatus consisting of
the voltage sensor and a short section of transmission line with adjustable
conductor spacing and height that is powered using a variac and a high-
voltage transformer. The entire apparatus is placed on a grounded optical
table. The photograph on the right shows the buffer circuit, capacitor bank,
and a hand-held digital multimeter contained inside the sensor body.
conductor is very far from the capacitive sensor, the self-
capacitance of the sensor is expected to determine the value of
Cp. For example, a spherical sensor that has the same radius
as the disk would have a self-capacitance that is larger by a
factor of pi/2. However, as will be shown in the next section,
this modest gain in Cp is offset by an even larger gain in C0
resulting in an overall decrease in the ratio Cp/(C0 + Cp).
The Cp/(C0 +Cp) ratio is maximized by the thin disk sensor
simply because this geometry minimizes C0 by keeping the
sensor plate as far as possible from the main body of the
sensor.
The sensor electronics are isolated from stray fields by
enclosing them inside a conducting box that serves as the
main body of the voltage sensor. The circuit layout is shown
in Fig. 5. The op-amp circuit is powered by ±18 V supplies
using 9 V batteries in series and the op-amp output is measured
by a Fluke 115 digital multimeter or, if one wishes to observe
the waveforms, an oscilloscope. In a commercial application,
the op-amp output would be captured by an A/D converter
and then wirelessly transmitted to a remote receiver. The A/D
converter can sample the op-amp output at a rate much greater
than 60 Hz such that the transmitted signal reliably reproduces
a scaled version of the true waveform of the transmission line
signal.
The most important consideration for the buffer and capac-
itor bank circuit is layout. An optimized layout that (a) mini-
mizes stray capacitance Cs between the signal line originating
from the sensor plate and the main body of the sensor and (b)
preserves the very high input resistance of the op-amp must
be used. Many useful guidelines are given in Refs. [9] and
[10]. First, we have avoided using circuit boards which can
add both unwanted capacitance and a finite resistance through
the dielectric insulator. As shown in the Fig. 5, all electrical
connections to the op-amp have been made by soldering leads
directly to the op-amp pins. Additionally, connections between
the sensor plate and the buffer input are shielded with coaxial
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cables whose outer conductors are tied to the op-amp output.
This eliminates leakage currents through the coaxial cable
dielectric, guards against outside interference, and eliminates
stray capacitance between the op-amp input signal line and the
surrounding neutral enclosure of the voltage sensor [10]. Also
visible in Fig. 5, are the receptacles for the bank capacitors.
The left-hand side receptacle is tied to the sensor enclosure
and the right-hand side to the buffer input. A copper foil shield
is held at the output potential of the buffer, once again, to
minimize unwanted stray contributions to C ′′0 .
To get an estimate of the combined contributions of Cop and
the stray capacitance Cs to C ′′0 , the sensor disk and its support
rod were removed and the bank capacitance was set to zero.
A known calibration capacitor Ccal was placed between the
buffer input and the far (live) conductor. A calibration voltage
Vcal was then applied across the neutral and live conductors.
Under these conditions, the op-amp output is:
Vm =
VcalCcal
Cs + Cop + Ccal
. (5)
Rearranging this expression gives the desired result:
Cs + Cop = Ccal (Vcal/Vm − 1). Using this method, Cs+Cop
was measured to be 5.97 ± 0.06 pF where the uncertainty is
associated with the 1% tolerance of the silver mica calibration
capacitor, Ccal.
We note that in the prototype sensor presented here, the bank
capacitance is changed manually by adding and removing in-
dividual silver mica capacitors. In a practical sensor, the bank
capacitance values would be changed remotely perhaps using
MOSFET or MEMS switches in series with each individual
bank capacitor.
V. EXPERIMENTAL AND SIMULATION RESULTS
In this section, simulation and experimental results are
presented to evaluate the performance of the single-point
contact voltage sensor. Various capacitive sensor designs were
evaluated to determine the sensing plate geometry that max-
imizes the sensitivity of the sensor. Next, the dependencies
of Cp and C0 on the spacing between conductors and the
conductor height above the ground plane were investigated
using both experimental measurements and simulations. The
sensor output voltage Vm was also tested with the transmission
line terminated with different loads (open, resistive, capacitive,
and inductive) and shown to be independent of the line
current. The bandwidth of the sensor was then experimen-
tally measured and, as expected, shown to be flat over the
frequency range of interest. Finally, and most importantly, the
prototype sensor was used to extract the line voltage VL from
measurements of Vm as a function of the bank capacitance
Cb. Our measurements show that the voltage sensor operates
reliably over a wide range of line voltages.
A. Simulation Model & Sensor Shape
An electrostatic model of the experimental test bed was
created in a finite element electromagnetic simulation tool
(COMSOL version 4.3b). Figure 6 shows a scale model of
the sensor geometry used in the simulations. In this figure, the
Fig. 6. An example of the simulation model used for evaluating the sensor.
In this model, the sensor is suspended from the neutral conductor which is
tied to the ground plane below the conductors. The scales shown on the x-,
y-, and z-axes are in inches.
voltage sensor is shown suspended from the neutral conductor.
The neutral conductor is electrically connected to the ground
plane by a long vertical conductor. The ground plane mimics
earth ground in a high-voltage transmission system. In the
model, a capacitive sensor consisting of a thin disk points
towards the opposite high-voltage conductor.
The simulations in COMSOL are used to estimate the
capacitances C0 and Cp. A rectangular volume encloses the
conductors, sensor, and ground plane. The volume determines
the region over which the electric field is calculated in the
simulation. Since the volume in a practical application is an
open domain, the boundary conditions for the top and sides of
the bounding surface are defined as infinite domain surfaces
which means field lines can extend beyond the volume and
are not artificially constrained to lie within the volume. The
ground plane is the bottom surface of the volume and has
dimensions of 1.77 m by 1.19 m; the dimensions match the
size of the optical table which was used as a ground plane in
the experiment. The distance between the conductors and the
top of the volume was fixed at 76.2 cm. Later, sweep results
are shown for different conductor heights above the ground
plane. For the height sweep, the distance from the conductors
to the top surface of the volume is held constant.
The capacitances Cp and C0 were extracted by setting the
potential of conductors in the model. Since capacitance is
independent of potential, a normalized potential of 1 V was
selected. The individual capacitances are then found by surface
integrals (Guass’ law) over either the neutral or live (high-
voltage) conducting surfaces. Since the potential across the
capacitances is 1 V, the capacitance is equal to the total charge
enclosed within the surface (C = Q for V = 1 V).
As shown in Fig. 6, the sensor plate extends out of an
aluminum box which houses the sensor electronics. The box
has dimensions of 20.5 cm tall, 19.5 cm wide, and 7.6 cm
deep. The box is tilted at an angle of 35◦ to point the sensor
face towards the non-contacting conductor. The sensor plate
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passes through the aluminum housing via a circular aperture.
The aperture is offset to one side and is 9.5 cm from the top
and 3.4 cm from the side. A clearance ring with a thickness
of 2 mm is provided between the sensor rod and the housing.
All conductors, including the aluminum housing, are modeled
as perfect electric conductors.
As discussed in section III and shown by Eq. (4), the
sensitivity of the voltage sensor is determined by the ratio
Cp/(C0+Cp). Clearly, the most effective way to enhance this
ratio is by moving the capacitive sensor away from the main
body of the sensor (decrease C0) and towards the opposite
conductor (increase Cp). An objective of this work was to
design a low-profile sensor and extending the sensor plate
significantly from the body of the sensor was not considered to
be of interest. Therefore, the extension of the sensor plate from
the body of the sensor was constrained to a modest distance
of 12.5 cm in this work. Also, in high-voltage applications,
there are practical considerations, such as the risk of arcing,
that limit how close the capacitive sensor can extend towards
the far conductor.
Four different sensor geometries were studied using simu-
lations. The designs are: 1) a thin disk, 2) a parabolic sensor,
3) a cone, and 4) a sphere. The thin disk is defined by a
radius R supported by a thin rod of radius r. The thin disk is
shown in Fig. 6 and was used in the experimental design.
The other sensor designs evaluated by simulation include
a parabolic sensor whose shape is generated by revolving
the parabola y = (R− r)(x/L)2 + r about the x-axis for
0 < x < L, a conical sensor whose shape is generated by
revolving the straight line y = (R− r)(x/L) + r about the
x-axis for 0 < x < L, and a spherical sensor of radius R
supported by a thin rod of radius r. For all designs studied,
R = 4.8 cm, r = 1.12 mm, and L = 12.5 cm. The thin disk
sensor had a thickness t = 1.6 mm. Images of the sensor
designs are shown in Table I; note that the parabolic and
conical sensors are closed volumes with flat apertures.
The different sensor designs were evaluated systematically
for a conductor spacing of d = 40 cm and a conductor height
above the ground plane of h = 143 cm. Table I summarizes
the simulation results for Cp, C0, and the ratio Cp/(C0+Cp).
The simulation results also include evaluating two different
configurations: 1) where the sensor is attached to the neutral
line and 2) when the sensor is attached to the live conductor.
The results show that the thin-disk capacitive sensor has the
largest Cp/(C0+Cp) ratio and therefore the highest sensitivity.
Modifying the sensor geometry can produce a modest increase
in Cp, but it is accompanied by an even larger increase in C0.
For example, when suspended from the neutral conductor, a
spherical sensor has a 44% larger value of Cp than the disk
sensor; however, although a high value of Cp is desirable,
the spherical sensor has a value of C0 which is 94% larger
than that of the disk sensor. Therefore, the spherical sensor
has a capacitor ratio which results in less accuracy than the
disk sensor. Of the four designs which were studied, the disk
sensor is the best design in terms of maximizing the accuracy
of the sensor.
Note that simulated values of C0 do not include the addi-
tional contributions from the op-amp input capacitance and any
TABLE I
SIMULATED VALUES OF Cp/(C0 + Cp) FOR DIFFERENT SENSOR PLATE
SHAPES. RESULTS ARE GIVEN BOTH FOR THE VOLTAGE SENSOR
SUSPENDED FROM THE NEUTRAL CONDUCTOR AND FROM THE LIVE
CONDUCTOR. (d = 40 cm, h = 143 cm)
suspended from neutral conductor
Sensor shape Cp (pF) C0 (pF)
Cp
C0 + Cp
Cp
C′′0 + Cp
thin disk 0.784 3.29 0.192 0.0781
parabolic 0.893 4.12 0.178 0.0813
conical 0.965 5.05 0.160 0.0805
spherical 1.13 6.39 0.150 0.0838
suspended from live conductor
Sensor shape Cp (pF) C0 (pF)
Cp
C0 + Cp
Cp
C′′0 + Cp
thin disk 1.33 2.73 0.328 0.133
parabolic 1.56 3.51 0.308 0.141
conical 1.62 4.27 0.275 0.137
spherical 1.66 4.90 0.253 0.132
stray capacitance due to the circuit layout that would be ex-
pected in a practical implementation of the voltage sensor de-
sign. The additional capacitances must be controlled to avoid
increasing the net capacitance C ′′0 (C
′′
0 = C0 + Cop + Cs) too
much. Recall that a large value of C ′′0 will start to limit
the accuracy of the overall sensor. In this design, Cop + Cs
was measured to be approximately 6.0 pF, and several design
iterations were made to minimize this value.
Another important observation from the results in Table I is
that voltage sensor sensitivity can be improved significantly
by suspending it from the live conductor instead of the
neutral conductor. For all of the capacitive sensor shapes, and
regardless of the value of Cop+Cs, the sensitivity increases if
the sensor is moved from the neutral to the live conductor. The
enhancement in sensitivity ranges from 58% to 73% and the
improvement relates to the stray capacitor components which
make up C0 and Cp. The breakdown of these capacitances
was explained earlier in sections II and III (see Fig. 2). As a
result, when it is practical to do so, the voltage sensor should
be suspended from the live conductor.
B. Dependence of Cp & C0 on Conductor Spacing and Height
Results are now summarized for a configuration where the
flat disk sensor is attached to the neutral conductor. These
experiments use the prototype sensor shown in Figs. 4 and
5 with the line voltage VL held constant at 100 Vrms. In
Fig. 7(a), the sensor voltage is shown as a function of the
bank capacitance Cb for four different conductor spacings
ranging from 30 cm to 60 cm. In Fig. 7(b) a similar set
of measurements are shown except in this test the conductor
spacing was fixed at d = 40 cm and measurements where
made for three different conductor heights: h = 50, 100, and
143 cm. For both sets of measurements, the ratio Vm/VL were
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Fig. 7. For all experimental measurements in this figure the voltage sensor was suspended from the neutral conductor. (a) Measured Vm/VL as a function
of Cb for four different conductor spacings and h = 143 cm with least-squares fits to Eq. (4). (b) Measured Vm/VL as a function of Cb for three different
conductor heights above the ground plane and d = 40 cm with least-squares fits to Eq. (4). (c) Comparison of experimental and simulation results for C0
and Cp versus conductor spacing. (d) Comparison of experimental and simulation results for C0 and Cp versus conductor height.
very stable and the measurement uncertainties were less than
the point size used in the plots. Least-squares fits to Eq. (4)
were performed to extract best-fit values of Cp and C ′′0 as a
function of d and h. The fit is excellent indicating that the
conceptual model for the sensor is accurate.
In Figs. 7(c) and (d), the measurement results for C0 and
Cp with the sensor suspended from the neutral conductor are
compared with simulation results. The experimental values for
C0 were estimated by subtracting Cop + Cs ≈ 6.0 pF from
the C ′′0 measurements. These figures also include simulation
results (open triangles) for the case where the sensor is
attached to the live conductor.
There are several important observations that can be made
from these results. First, there is very good agreement between
experimental and numerical results both in terms of the magni-
tude of Cp and the dependence of Cp on conductor geometry.
This agreement provides confidence that the simple COMSOL
model used in Fig. 6 produces reliable results. Second, the
simulated results show again that when the sensor is moved
from the neutral to the live conductor, Cp is increased and C0
is decreased resulting in an enhancement in the measurement
sensitivity. A third observation is that, in general, C0 is less
sensitive to changes in the conductor geometry compared
to Cp. This point is clarified in Fig. 8 where the relative
changes to the Cp and C0 values are shown with respect to
the conductor spacing d. The data in Fig. 8 were obtained
by differentiating the capacitance plots in Fig. 7(c) and then
plotting the magnitude of the derivative (sensitivity) as a
function of conductor spacing. The results clearly show that
C0 is less sensitive to changes in conductor spacing than Cp
regardless of whether the voltage sensor is suspended from the
neutral or the live conductor. Furthermore, the sensitivity of
the net capacitance C ′′0 = C0 + Cop + Cs is decreased further
by the additional contributions of fixed capacitances Cop and
BOBOWSKI et al.: CALIBRATED SINGLE-CONTACT VOLTAGE SENSOR FOR HIGH-VOLTAGE MONITORING APPLICATIONS 8
0 20 40 60 80
1E-3
0.01
0.1
   Cp
 neutral
 live
   C
0
 neutral
 live
 
 
|
C
 / 
Fig. 8. Plot of the absolute value of the slopes of the simulated Cp and C0
values versus d as a function of the spacing d between the conductors on a
semi-log plot. Filled (open) triangles are for the sensor suspended from the
neutral (live) conductor.
Cs which are independent of d. Notice also that the sensitivity
of both C0 and Cp to changes in d becomes small for d L
which is likely to be the case in most practical applications.
(Recall that L is the overall length that the capacitive sensor
extends out from the sensor body that houses the electronics.
For the prototype sensor, L = 12.5 cm.) Additionally, in
any practical application, the conductor spacing would change
by only a tiny fraction of its equilibrium spacing and the
corresponding change in C ′′0 is likely to be negligible. We
note that both Cp and C0 are even less sensitive to changes
in the conductor height.
Making C0 insensitive to conductor geometry is an impor-
tant consideration because, as will be emphasized below, the
voltage sensor is only reliable if C ′′0 is known accurately via a
factory calibration prior to installation. After installation, small
changes to conductor geometry must not result in significant
changes to C0. In a high-voltage transmission line applica-
tion, seasonal changes in the average temperature will result
in changes to the overall conductor length. Warm summer
temperatures will result in the conductors sagging while cool
winter temperatures will pull them taut. If the capacitive sensor
is high off of the ground, far away from the non-contacted
conductor, and has non-negligible Cop + Cs contributions to
C ′′0 , then the seasonal changes in the transmission line geom-
etry are expected to result in negligible changes to the overall
value of C ′′0 . We also note that a commercial sensor would be
hermetically sealed to desensitise the high-impedance circuitry
to changes in humidity.
For five different values of VL equally spaced between 20
and 100 Vrms, Fig. 9 shows Vm/VL as a function of Cb with
d = 40 cm, h = 143 cm, and the sensor suspended from
the neutral conductor. These five datasets are indistinguishable
within experimental error and have been simultaneously fitted
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 20
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 / 
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Fig. 9. Plot of Vm/VL as a function of Cb for five different values of VL
and a least-squares best fit. The data were obtained using d = 40 cm and
h = 143 cm.
to Eq. (4) resulting in Cp = 1.00 pF and C ′′0 = 9.18 pF. These
data clearly demonstrate that Cp and C ′′0 are independent of
the line voltage which is critical for a practical implementation
of the voltage sensor.
Thus far, all of the Vm data presented from the prototype
sensor have been obtained with an unterminated (open) trans-
mission line and therefore a line current of zero. To demon-
strate that Vm, and therefore Cp and C ′′0 , are also independent
of the line current; the Vm/VL versus Cb measurements using
VL = 100 Vrms were repeated with the transmission line
terminated with a 60 W incandescent light bulb, a 6 µF
capacitor, and an ac electric motor. These three terminations
caused the magnitude of the line current to range between 0.24
and 0.59 A and the phase to vary from approximately −pi/2 to
pi/2 radians relative to the line voltage. Within experimental
error, there was no change in the measured Vm/VL values for
all three of these terminations relative to an open transmission
line.
Finally, in order to measure the bandwidth of the sen-
sor, the testbed transmission line was driven by a function
generator and the outputs of the generator and the voltage
sensor were simultaneously displayed on an oscilloscope.
With C ′′0 + Cp ≈ 10 pF, the low-frequency corner frequency
is expected to be less than 1 mHz. The sensor output Vm was
measured as a function of frequency from 0.1 Hz to 100 kHz
and found to be frequency independent and in phase with the
generator voltage from 0.1 Hz to 20 kHz. Above 20 kHz,
Vm increasingly lags behind the generator voltage as the gain-
bandwidth product of the op-amp is approached. Bandwidth
measurements were preformed using bank capacitances of 0
and 100 pF and the two sets of measurements were indistin-
guishable within experimental error.
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Fig. 10. Analysis of the extracted line voltage VL as a function of the parameter ranges used for VL and Cp in the nonlinear least-squares fitting routine.
The analysis was repeated allowing the fit range of the C′′0 parameter to be ±10%, 3%, 1%, and 0%. The squares in the ±1% plot indicate values of Cp,ctr
and VL,ctr for which the extracted line voltage was plotted versus the known line voltage in Fig. 11.
C. Blind Estimation of Line Voltage
In Fig. 9, the measured Vm were scaled by the known line
voltages VL and then fitted to Eq. (4) to extract reliable values
for Cp and C ′′0 . In this section, a blind estimation of the line
voltage VL is made from measurements of Vm as a function
of Cb. As previously discussed in section III, either Cp or
C ′′0 must be known in order to fit the data to a unique set
of parameters. Because C ′′0 is relatively insensitive to small
changes in conductor geometry, it is feasible to determine
C ′′0 accurately from a factory calibration. In this work, the
calibration procedure uses fits to the data presented in Fig. 9
to directly obtain the value of C ′′0 .
To demonstrate how the voltage sensor can be used to
extract the line voltage, the data in Fig. 9 measured for a
line voltage of VL = 100 Vrms were fitted to a scaled version
of Eq. (4):
Vm =
(VLVL,S) (CpCp,S)
C ′′0C
′′
0,S + Cb + CpCp,S
(6)
where Cp = 1.00 pF and C ′′0 = 9.18 pF are the known values
from the fit in Fig. 9 and VL,S , Cp,S , and C ′′0,S are scaled
fit parameters. In the nonlinear best-fit routine, the allowable
range of each fit parameter must be specified. For example,
the allowable range for the scaled line voltage would be
specified as VL,ctr −∆VL,S ≤ VL,S ≤ VL,ctr + ∆VL,S where
VL,ctr is the center of the range and 2∆VL,S is the span of
the range. The 100 Vrms data of Fig. 9 were fitted to Eq. (6)
using 0.8 ≤ VL,ctr, Cp,ctr ≤ 1.2 in steps of 0.005 and with
∆VL,S = ∆Cp,S = 0.20 resulting in 6561 unique parameter
ranges and corresponding best-fit parameters. For all fits,
C ′′0,ctr = 1 was used. The set of 6561 fits was repeated using
∆C ′′0,S = 0.10, 0.03, 0.01, and zero. False-color plots of the
extracted VL,S values as a function of VL,ctr and Cp,ctr are
presented in Fig. 10.
These results show that the extracted line voltages are
typically within 10% of the known value, falling outside of this
range only when the C ′′0 fit range is relatively large and either
VL,ctr or Cp,ctr is significantly less than one while the other
is simultaneously significantly greater than one. As discussed
in section III, any set of parameters {VL,S , Cp,S , C ′′0,S} that
preserves the product VL,SCp,S and the sum C ′′0,S + Cp,S will
produce identical fits to the data. Consider, for example, the
case VL,ctr > 1 and Cp,ctr < 1, but with VL,ctrCp,ctr ≈ 1. A
good fit to the data can be achieved with these initial param-
eters provided that C ′′0,S has sufficient range to compensate
for the reduced value of Cp,ctr. This case is shown in the top
left-hand corners of Fig. 10 when ∆C ′′0,S = 0.10 and 0.03
resulting in VL,S > 1 (red/orange coloring). However, if C ′′0,S
is known very accurately such that ∆C ′′0,S is restricted, then
C ′′0,S is unable to compensate for the reduced value of Cp,ctr
and the parameters VL,ctr and Cp,ctr must be adjusted closer
to their true values in order to achieve a good fit to the data.
This case is shown in Fig. 10 when ∆C ′′0,S = 0.01 and zero.
We now quantify the bound on ∆C ′′0 required to guarantee
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Fig. 11. The line voltage extracted from the nonlinear regression analysis
plotted as a function of the known line voltage. The colored squares corre-
spond to those shown in Fig. 10.
that the VL extracted from the fitting procedure is within ∆VL
of the true value. The fitting constraint VL,SCp,S = 1 implies
that ∆Cp,S ≈ ∆VL,S since VL,S ≈ 1. The second requirement
for a good fit is:
C ′′0 + Cp = C
′′
0C
′′
0,S + CpCp,S (7)
which can be solved for C ′′0,S . Applying propagation of errors
results in:
∆C ′′0,S ≈
Cp
C ′′0
∆VL,S (8)
which is consistent with the sensor sensitivity being approxi-
mately proportional to Cp/C ′′0 .
For the prototype sensor, Cp = 1.00 pF and C ′′0 = 9.18 pF,
such that C ′′0 must be known within 2.2% of its true value
to determine VL to within 20% of its known value. Two of
the plots in Fig. 10 were generated using ∆C ′′0,S > 2% and
result in a VL,S with an accuracy worse than ±20%. On the
other hand, the two plots for which ∆C ′′0,S < 2% result in
VL,S and accuracy which is better than ±20%. In particular,
with ∆C ′′0,S = 1%, the accuracy of the line voltage estimate
is approximately 10% which is consistent with Eq. (8). This
point is emphasized in Fig. 11 which shows the extracted line
voltage VL,ext from blind analyses of Vm versus Cb datasets
as a function of the known line voltage. The data in Fig. 11
were generated for applied line voltages from 20 to 100 Vrms
and assuming that C ′′0 was known to with 1% of its true value.
The different colored squares in Fig. 11 indicate the center of
the parameter ranges used for VL and Cp in the nonlinear fits
and correspond to colored squares shown in Fig. 10. The data
in Fig. 11 clearly show that the extracted line voltages always
fall within 10% of the actual line voltages.
We emphasize that the 10% accuracy shown in Fig. 11 is
merely a demonstration of using to the prototype sensor to
extract line voltages assuming that a factory calibration has
determined C ′′0 to within 1% of its true value. The accuracy
of the estimated VL could be improved in three ways. First,
the analyses presented in Figs. 10 and 11 were done with
the voltage sensor suspended from the neutral conductor.
By simply moving the sensor to the high-voltage conductor,
Table I shows that Cp/C ′′0 is expected to increase by nearly
a factor of two which would result in a decrease in ∆VL,S
by the same factor. Second, the Cp/C ′′0 ratio can be further
increased by optimizing the circuit layout to the enhance
the suppression of shunt capacitance (Cs) contributions to
C ′′0 . Finally, the most effective way to improve the sensor
accuracy is by using precise factory calibrations to reduce the
relative uncertainty in C ′′0 below 1%. A precision calibration
would likely involve determining the temperature dependence
of C ′′0 and then equipping the voltage sensor with an on-board
temperature sensor. This capability would allow for real-time
corrections to the calibration values of C ′′0 due to daily and
seasonal temperature fluctuations.
VI. HIGH-VOLTAGE APPLICATIONS
Up to this point, all of the data that has been presented has
been limited to line voltages of 100 Vrms or less. Since the
main motivation for designing the sensor is to measure high
ac voltages, the design needs to be scaled and verified under
high-voltage conditions.
The prototype sensor described so far uses a capac-
itive divider between the two conductors and the mea-
sured voltage at the output of the buffer is given by
Vm = VLCp (C
′′
0 + Cp)
−1 ≈ VL/10 when Cb = 0. Because
the buffer is powered by a low-voltage supply (±18 V), its
output saturates for line voltages greater than 120 Vrms. The
voltage division across the capacitor divider is determined by
Cp and C ′′0 and, for reasons given earlier, it is important to
have a low ratio to maintain high accuracy. On the other hand,
the low ratio means the voltage division factor is small and
consequently a high voltage is measured at the input of the
op-amp.
As a way to maintain accuracy and increase the voltage
division ratio, Fig. 12 shows a design modification that enables
the sensor to be scaled to high-voltage applications. A two-
step voltage divider is set-up using two additional capacitors,
Cd1 and Cd2. Neglecting the input resistance of the op-amp,
the measured output is given by:
Vm = VL
 Cp
C0 + Cs +
(
1
Cd1
+
1
Cd2 + Cop
)−1
+ Cb + Cp

×
(
Cd1
Cd1 + Cd2 + Cop
)
(9)
where Cs is the stray capacitance associated with the layout of
the circuit and is not shown in Fig. 12. In high-voltage appli-
cations, the condition Cd2  Cd1 is required to significantly
step the voltage down, therefore:
Vm ≈ VL
(
Cp
C ′′0,HV + Cb + Cp
)
Cd1
Cd2
(10)
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Fig. 12. The voltage sensor configured for high-voltage applications. An
additional capacitive divider is used between the capacitor bank and the buffer
input.
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Fig. 13. Vm plotted as a function of VL with the voltage sensor suspended
from the neutral conductor (circular points) and live conductor (square points)
while configured for high-voltage measurements.
where C ′′0,HV = C0 + Cs + Cd1. If Cd1 is selected to be of
the same order as Cop ≈ 0.8 pF, then C ′′0,HV ≈ C ′′0 . Under
this condition, Vm/VL is reduced by an additional factor of
Cd2/Cd1 without significantly altering either the accuracy or
bandwidth of the sensor. The ratio Cd2/Cd1 can be made arbi-
trarily large and the primary limitation becomes the dielectric
breakdown voltage of the capacitors.
The two-stage voltage divider shown in Fig. 12 was im-
plemented in the prototype sensor to verify the circuit. In
the circuit, nominal capacitances of Cd1 = 0.5 pF and
Cd2 = 130 pF were used. A step-up transformer with a
turns ratio of 62.5:1 was used with a 0–140 Vrms variac
feeding the primary winding. With this configuration, the line
voltage could be increased up to 7.5 kVrms. A high-voltage
probe (Tektronix P6015A) was used to measure the exact line
voltage. The picture shown earlier in Fig. 5 includes the two-
stage voltage divider and the 62.5-times step-up transformer.
Figure 13 shows the measured Vm data plotted as a function
of VL up to 7.5 kVrms with the voltage sensor suspended from
the neutral conductor and suspended from the live conductor.
As expected, both data sets are very linear (R2 = 1.00).
These datasets also experimentally confirm that suspending the
voltage sensor from the live conductor results in an enhanced
measurement sensitivity (increased slope).
VII. CONCLUSION
A sensor capable of accurately measuring the ac voltage
across a pair of conductors with a single contact to one
conductor has been described and evaluated experimentally.
The sensor uses the stray capacitance Cp from a sensing
plate to the non-contacted conductor to create a capacitive
voltage divider that can be used to measure the line voltage.
A straightforward factory calibration to determine the net
capacitance C ′′0 from the sensing plate back to the main body
of the sensor is required to extract the absolute line voltage. A
set of measurements with calibrated bank capacitors are then
made and a nonlinear constrained optimizer is used to find a
set of best-fit parameters, which includes an estimate of the
unknown line voltage. With the prototype sensor suspended
from the neutral conductor, if C ′′0 is known to within 1% of
its true value, then the absolute line voltage was determined
to within 10% of its true value. Moving the sensor to the
live conductor, optimizing the circuit layout to minimize
shunt capacitances to the op-amp input, and refined factory
calibrations of C ′′0 are all practical methods that can be used
to improve the accuracy of the estimated line voltage.
Other important contributions of this work include an inves-
tigation into the best shape of the capacitor sensing plate. Four
different designs were evaluated using numerical simulations
and a flat disk sensor was found to be the best design.
Simulation results were used to explore the difference between
mounting the sensor on the neutral or live (high-voltage) line.
The simulation results, supporting theory, and experimental
measurements all conclude that better sensitivity and accuracy
can be obtained by contacting the high-voltage conductor.
Finally, a two-stage capacitor divider was tested to increase
the operating voltage of the sensor up to 7.5 kVrms. Future
work will include testing the design up to much higher line
voltages and investigating three-phase applications.
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